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matrices upon which the deposition of hydrous ferric oxides
(HFOs) can occur (13). Most characteristic among these are
the Fe(III)-encrusted sheaths of Leptothrix ochracea and the
helical stalklike filaments of Gallionella spp. L. ochracea has
not been cultured axenically in the laboratory. However, Gallionella ferruginea has, and the prevailing wisdom is that this
organism grows lithoautotrophically on Fe(II) (14, 16). Recently, novel lithotrophic Fe oxidizers have been isolated from
freshwater environments; these organisms grow microaerobically at circumneutral pH but do not form morphologically
distinct Fe oxide structures (10, 11, 34). In marine environments, the direct evidence for Fe-oxidizing bacteria is not well
documented. The one notable exception was the finding of
abundant Gallionella-like stalk material and microscopic identification of putative G. ferruginea cells from a shallow water
volcanic system near Santorini Island in the Mediterranean
Sea (15, 16).
Loihi Seamount is the newest shield volcano that is part of
the Hawaiian archipelago. Low temperature hydrothermal
venting was discovered at Loihi by deep-sea submersible in
1988 (24). Analysis of the vent waters at that time showed them
to be highly enriched in Fe(II), Mn, and CO2 but to have quite
low concentrations of H2S. The impact of the high Fe(II)
concentrations was readily apparent in the large mats of HFOs
that formed around the vent orifices; microscopic analysis
showed that the empty Fe-encrusted sheath casts of L. ochracea-like iron-oxidizing bacteria were abundant (23). Subsequent molecular analysis of the microbial community at Loihi

Ferrous iron is a common and often abundant constituent of
hydrothermal vent fluids; however, we know little about the
involvement of microbes in iron oxidation at deep-sea vents.
Most of the research on Fe oxides and Fe oxidation at hydrothermal vents has focused on the iron mineral assemblages
associated with low-temperature venting sites. These studies
have demonstrated that the signature remains of putative Feoxidizing bacteria, in the form of Fe oxide-encrusted sheaths
and filaments, are associated with both active and extinct vents
(20, 22). Microbiological studies have shown that active microbial communities, including Mn-oxidizing bacteria, inhabit particulate iron and manganese oxides associated with vent
plumes (4, 28). While these reports provide circumstantial
evidence for the presence and activity of Fe oxidizers associated with hydrothermal vents, no systematic studies demonstrating the presence and activity of neutrophilic, lithotrophic
Fe oxidizers have been carried out.
As a group, neutrophilic, aerobic Fe-oxidizing bacteria have
been recognized for a very long time; however, since they have
proven difficult to cultivate in the laboratory, evidence for their
existence and importance in Fe transformations has largely
been circumstantial (9). The signature characteristics of Feoxidizing bacteria are the unique morphological structures
they produce, such as sheaths or stalks, that act as organic
* Corresponding author. Mailing address: American Type Culture
Collection, 10801 University Blvd., Manassas, VA 20110. Phone: (703)
365-2804. Fax: (703) 365-2790. E-mail: demerson@ib3.gmu.edu.
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A number of hydrothermal vent sites exist on the summit of the Loihi Seamount, a shield volcano that is part
of the Hawaiian archipelago. The vents are 1,100 to 1,325 m below the surface and range in temperature from
slightly above ambient (10°C) to high temperature (167°C). The vent fluid is characterized by high concentrations of CO2 (up to 17 mM) and Fe(II) (up to 268 M), but there is a general paucity of H2S. Most of the
vents are surrounded by microbial mats that have a gelatinous texture and are heavily encrusted with
rust-colored Fe oxides. Visually, the Fe oxides appeared homogeneous. However, light microscopy revealed that
the oxides had different morphologies, which fell into three classes: (i) sheaths, (ii) twisted or irregular
filaments, and (iii) amorphous oxides. A morphological analysis of eight different samples indicated that the
amorphous oxides were overall the most abundant; however, five sites had >50% sheaths and filamentous
oxides. These latter morphologies are most likely the direct result of microbial deposition. Direct cell counts
revealed that all of the oxides had abundant microbial populations associated with them, from 6.9 ⴛ 107 to 5.3
ⴛ 108 cells per ml of mat material. At most sites, end point dilution series for lithotrophic Fe oxidizers were
successful out to dilutions of 10ⴚ6 and 10ⴚ7. A pure culture was obtained from a 10ⴚ7 dilution tube; this strain,
JV-1, was an obligate, microaerophilic Fe oxidizer that grew at 25 to 30°C. A non-cultivation-based molecular
approach with terminal-restriction fragment length polymorphism also indicated the common presence of
Fe-oxidizing bacteria at Loihi. Together, these results indicate that Fe-oxidizing bacteria are common at the
Loihi Seamount and probably play a major role in Fe oxidation. A review of the literature suggests that
microbially mediated Fe oxidation at hydrothermal vents may be important globally.
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(29, 31) fortuitously found that some of the most abundant
phylotypes based on small-subunit (SSU) ribosomal DNA
(rDNA) analysis were very closely related to recently described
freshwater lithotrophic Fe oxidizers (10).
Conditions at the Loihi Seamount changed dramatically in
1996 when a major eruption at the summit altered both the
terrain and chemistry of the vent water (5). A 300-m-deep pit
crater (Pele’s Pit) formed at the summit; at the bottom of the
pit, new vent sites formed that had rapid flow rates and temperatures up to 200°C. The chemistry of the vent water
changed as well; in Pele’s Pit the Fe/Mn ratios were much
lower than at the lower flow rate, low-temperature vents (10 to
20°C) on the summit (39). The waters of the high-temperature
vents also had low sulfide concentrations, were enriched in
CO2, and had pHs of around 5.6. Visual observations revealed
that abundant HFO-encrusted microbial mat communities
formed in the immediate proximity of multiple vent orifices.
The goal of this research was to investigate both the low- and
high-temperature vent sites at the summit of Loihi and to
determine the extent to which Fe-oxidizing bacteria inhabit
these sites. Using new culture techniques, we attempted to
grow these organisms and isolate putatively lithotrophic representatives. Our findings indicate that microaerobic, Fe-oxidizing bacteria are present at all the vents we visited. They are
often abundant and may contribute substantially to the formation of the extensive deposits of HFOs at the site.
MATERIALS AND METHODS
Site. Loihi Seamount and the vent sites associated with both Pele’s Pit and the
flanking slopes are illustrated in Fig. 1. Since 1988, the summit of Loihi has been
monitored closely by various oceanographic techniques, including remote sensing and submersible operations. As a result, there is a good record of the physical
and geochemical conditions at the summit. At the time of this sampling trip in
October 1998, the maximum temperature measured in Pele’s Pit was 167°C; the
temperatures in 1996 and 1997 were 200°C. The maximum Fe(II) concentrations

measured directly in the vent water were 268, 296, and 1,934 M in 1998, 1997,
and 1996, respectively (G. Wheat, personal communication)
Sampling. Sampling was done with the manned deep-sea submersible Pisces V.
All microbiological samples were collected with a suction pump, or slurp gun,
that was very effective at vacuuming up the Fe mats from the sea floor. The slurp
gun was coupled to a rotating carousel of acrylic collection bottles. Upon return
to the surface, the bottles were removed from the carousel and the samples
settled for 1 to 2 h before the overlaying water was poured off, leaving a mixture
of HFOs. A portion of this Fe oxide sample was treated as a live sample and
stored at 4°C for enrichment studies. Other aliquots were fixed with 2% glutaraldehyde, stored at 4°C, and subsequently used for cell counts and morphological
analysis; the remainder of each sample was frozen at ⫺80°C for nucleic acid
extraction and molecular analysis.
Iron analysis. To determine the total iron concentration from fixed samples of
microbial mat, aliquots were removed and diluted 500-fold in 0.5 M hydroxylamine-HCl and incubated on a rotary shaker (150 rpm) at 30°C for at least 12 h
and then a subsample was diluted, either 50- or 100-fold, into a ferrozine solution
to determine the Fe(II) concentration colorimetrically (36). Visually, it appeared
that the Fe oxides from all of the Loihi vent sites were readily reduced under
these conditions because the rust-colored solutions cleared completely. To determine the density of mat material at each site, a dry weight determination was
done by placing duplicate aliquots of mat material into tared aluminum weigh
boats. The wet weights were determined to the nearest 0.1 mg; the sample was
oven dried at 80°C for 72 h and weighed again.
Total cell counts and morphological analysis. Total cell numbers for each vent
sample were determined by total direct cell counting as described previously (1).
This consisted of diluting the samples, usually 50-fold, in sterile artificial seawater (see below); 10 l of the diluent was smeared evenly within a 1-cm-diameter
circle inscribed on a microscope slide (fluorescent antibody slides; Gold Seal
Products, Highland Park, Ill.) that had been coated with 1% agarose (Sigma
Chemical Co, St. Louis, Mo.). After air drying, the samples were stained with 25
M Syto (Molecular Probes, Eugene, Oreg.) and 15 fields/circle were counted by
using an Olympus BX60 microscope equipped for epifluorescence. At least 4
smears (ca. 300 to 600 cells) were counted for each vent sample.
To quantitate the morphotypes of iron oxides from each of the different sites,
samples of the iron mat were mixed by vortexing for 1 min and then diluted to
the extent that the different HFO morphotypes were distributed individually with
minimal clumping when viewed on a microscope slide. Photomicrographs of 15
to 20 microscope fields per sample were taken at random with a charge-coupled
device camera (Optronics DEI 750). Each image was viewed with NIH Image
(http://www.rsb.info.nih.gov/nih-image) on an Apple Macintosh G3 computer.
The trace tool of NIH Image was used to manually outline each oxide morphotype in each field, and then the area of that particle was calculated automatically.
Area values were imported into Microsoft Excel, and each oxide area was binned
into one of three types: amorphous, filament, or sheath (see below). Using the
appropriate dilution factor, the total area of each oxide category was determined
for each sample.
Growth media. Two variations of an Fe oxidizer growth medium were used:
gradient tube and liquid. The gradient tube method has been described previously (10). Briefly, this culture method exploits opposing gradients of O2 and
Fe(II) that allow the Fe-oxidizing microbes to grow at the oxic-anoxic interface
in a gel-stabilized medium that contains a ferrous sulfide plug at the bottom that
acts as a source of Fe(II) and reducing power. For the present work, the growth
conditions were modified to use a modified Wolfe’s minimal medium-artificial
seawater (MWMM/ASW) mineral salts medium composed of the following (per
liter): 27.5 g of NaCl, 5.38 g of MgCl2 · 6H2O, 6.78 g of MgSO4 · 7H2O, 0.72 g of
KCl, 0.2 g of NaHCO3, 1.4 g of CaCl2 · 2H2O, 1 g of NH4Cl, and 0.05 g of
K2HPO4 · 3H2O. Wolfe’s vitamins and trace element solutions (40) were added
to a final concentration of 1 ml/liter. Sodium bicarbonate was added at a concentration of 10 mM to serve as a buffering agent and C source. The gradient
tubes used 0.15% (wt/vol) agarose (low melt agarose; Fisher Scientific, Pittsburgh, Pa.) as a gel-stabilizing agent.
A liquid enrichment technique was also developed, the principle of which was
to maintain low concentrations of Fe(II) and O2 through the regular addition of
small amounts of air and FeCl2 to a liquid medium in a closed vessel. The same
basal salts medium described above was used, except agarose was omitted. For
the dilution series, 10 ml of liquid in 25-ml Balch tubes was used; for larger scale
growth studies, 60-ml serum bottles containing 40 ml of medium were used. The
tubes or bottles were prepared by gassing the ASW medium, containing 10 mM
NaHCO3, with N2 for 5 min, then gassing with CO2 for an appropriate time to
reduce the pH to 6.4 to 6.5. This was determined empirically with a pH meter.
The medium was then gassed for an additional 2 to 3 min with N2. Butyl rubber
septa were placed in the tubes and sealed with aluminum crimps, and then the
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FIG. 1. (a) Hawaiian Islands, showing location of the island of
Hawaii. (b) Location of Loihi Seamount relative to the island of Hawaii and its five volcanic shields. (c) Summit bathymetry of Loihi
Seamount, showing location of observed hydrothermal vents. Pele’s Pit
formed during the 1996 eruption. Depths are in meters. Shaded areas
indicate the summit pit craters.
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TABLE 1. Characteristics of Fe mats at Loihi, including total number of cells and oxide morphotypee
Sample location

Depth
(m below
sea level)

Temp
(°C)a

Mat
density
(g/ml)

Total Fe
(mg/g
[dry wt])

No. of cells (SD)b

393, 1–4

1,317

68

0.170

55

2.93 ⫻ 108 (4.2 ⫻ 107)

10⫺4

Filaments

393, 5–8

1,298

167

0.268

81

6.9 ⫻ 107 (1.6 ⫻ 107)

10⫺7

Amorphous

396, 2–4

1,325

10

0.097

183

2.45 ⫻ 108 (7.94 ⫻ 107)

10⫺6 (10⫺4 at 12°C)

Filaments

396, 6

1,196

17

0.049

77

9.33 ⫻ 107 (8.6 ⫻ 106)

10⫺5

Amorphous, sheaths

396, 7–8

1,196

17

0.157

153

1.26 ⫻ 108 (3.1 ⫻ 107)

10⫺7

Amorphous, filaments

397, 1–4

1,295

165

0.140

141

4.61 ⫻ 108 (6.5 ⫻ 107)

10⫺6

Amorphous

397, 5

1,289

167

ND

ND

ND

398, 5–6

1,290

113

0.115

152

1.54 ⫻ 108 (4 ⫻ 107)

Dilution seriesc

ND
10⫺6

Dominant morphotype(s)d

Amorphous
Amorphous, filaments

a

All temperatures are the maximums measured in the vent orifice closest to the sampling site.
These values are expressed per milliliter (wet weight) of mat.
The highest dilution in a series that yielded growth.
d
The predominant iron oxide morphotypes (Fig. 4 and 5).
e
ND, not determined.
b
c

medium was autoclaved at 121°C for 20 min. Just prior to inoculation, a sterile
syringe with a 22-gauge needle was used to deliver approximately 200 M FeCl2
from a stock solution and enough sterile air to yield approximately 1% O2 in the
headspace.
A sterile FeCl2 stock solution was prepared by bubbling deionized water with
N2 for 15 min and then adding enough FeCl2 to make a 100 mM solution. This
solution was filter sterilized through a 0.22-m syringe filter into a presterilized
serum bottle that had been flushed with N2 gas. The solution was bubbled with
sterile N2 gas for an additional 5 min. This FeCl2 solution was a golden color,
over time (weeks) some precipitation of Fe oxides occurred.
Enrichments. Some enrichments were started onboard ship by doing dilution
series with gradient tubes. In this case, a series of 10-fold dilutions of each
original sample was done in tubes containing sterile ASW. From these dilutions,
gradient tubes were inoculated (10 l each) in 10⫻ steps from 10⫺2 to 10⫺8. In
liquid medium, serial dilutions were done starting with a vent sample diluted to
10⫺2, followed by a series of 10⫻ dilutions to a final dilution of 10⫺7. The tubes
were incubated in the dark at temperatures of 12, 20 to 24 (room temperature),
60, or 80°C. Every 24 or 48 h, additional air and FeCl2 were added to the tubes.
The presence or absence of cell growth was determined by epifluorescence
microscopy with either acridine orange or Syto to reveal the cells that were
bound to the Fe oxides.
To obtain purified enrichments or pure cultures, subsequent dilution series
were done with an inoculum from the highest dilution tube that yielded growth.
To obtain pure cultures, at least two additional dilutions to extinction were
carried out until a uniform cell morphology was confirmed. To check for purity,
heterotrophic medium, consisting of R2A (Difco, Detroit, Mich.) or nutrient
agar plates, both amended with 2.5% NaCl were streaked out and incubated both
aerobically and microaerobically at room temperature.
Pure cultures. Pure cultures were assessed for growth on a variety of substrates
in liquid ASW under microaerobic conditions. The substrates included thiosulfate, tetrathionate, formate, pyruvate, acetate, succinate, glucose, and galactose,
all at 5 mM, and 0.5% (wt/vol) yeast extract. A growth curve of the strain JV-1
was carried out in liquid media. For this study, the organism was grown in serum
bottles amended each day with FeCl2 and air, as described above. Each day a

sample was withdrawn and a direct cell count by epifluorescent microscopy was
done to determine the total number of cells.
T-RFLP analysis. Terminal-restriction fragment length polymorphism (TRFLP) is a direct DNA fingerprinting technique that employs fluorescently
labeled PCR primers to amplify selected regions of microbial SSU rDNA from
specific groups of taxa. PCR products are then digested with tetrameric restriction enzymes, and the fluorescently labeled terminal restriction fragments are
precisely measured and quantified (27). Samples of the Fe mat were subjected to
extraction and isolation of total genomic DNA followed by multitemplate PCR
(30) with an annealing temperature of 56°C and a total reaction volume of 50 l.
A pair of universal bacterial primers were used. The forward primer (5⬘-TNA
NAC ATG CAA GTC GRR CG) corresponds to positions 49 to 68 of Escherichia coli rRNA, and the reverse primer (5⬘-RGY TAC CTT GTT ACG ACT
T) corresponds to positions 1510 to 1492, where R is purine analog K, Y is
pyrimidine analog P, and N is an equal mixture of both analogs at a single
position (Glen Research, Sterling, Va.). The 68F primer was fluorescently labeled with 6-FAM (6-carboxyfluorescein) on the 5⬘ end, and both primers were
polyacrylamide gel electrophoresis purified (ResGen, Huntsville, Ala.). PCR
amplification products (5 l) were visualized and assayed for size by 1% gel
electrophoresis against a 1-kb ladder DNA standard. Only reaction mixtures
yielding no amplification of the negative controls were used. Fluorescently labeled PCR products (15 l of each PCR) were then digested for 6 to 8 h with 5
U of HhaI (New England Biolabs, Beverly, Mass.) in a total volume of 30 l. The
array of end-labeled SSU rDNA fragments was separated by polyacrylamide gel
electrophoresis against the Genescan-500 ROX size standard with an ABI model
377 automated DNA sequencer, and the data were analyzed with the Genescan
software (Applied Biosystems, Foster City, Calif.).

RESULTS
Microbial mats at Loihi. All of the vent sites that were
investigated at Loihi had deposits of HFOs associated with
them (Table 1), these were primarily associated with flocculent
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Pele’s Pit, Ikaika
vents, marker
20
Pele’s Pit, Ikaika
vents, lower
jets
South rift, Naha
vents, marker
1
Upper South
rift, Pohaku
vents, marker
27
Upper South
rift, Pohaku
vents, marker
27
Pele’s Pit, Ikaika
vents, lower
jets
Pele’s Pit, Ikaika
vents, upper
jets
Pele’s Pit, Ikaika
vents, near
marker 15

Sample
no.
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mats, which often extended several meters from the vent orifices (Fig. 2). In a few cases, the oxides precipitated as loose
crusts that formed ⬍1 m from the vent orifice. The depths of
these HFO mats were difficult to accurately determine due to
the rough substrata and inherent lack of precision of the sampling methods; however, estimated depths of 1 to 5 cm were
common. When normalized to a dry weight basis, all of the
mats had very high concentrations of total reducible iron, ranging from 55 to 183 mg of iron·g (dry weight) of mat⫺1 (Table
1). Correlation analysis of the data showed no evident associations between the temperature and the amount of Fe oxides
(results not shown). Extensive microscopic observations and
total cell counts of all of the Fe mat samples collected from
each of the sites revealed that in every case between 107 and
108 cells per ml of mat were present (Table 1). Most of these
cells appeared tightly associated with the Fe oxides, as observed by epifluorescence microscopy. Furthermore, many of
these oxides had distinctive morphotypes, indicating the involvement of Fe-oxidizing bacteria (Fig. 3 and see below).
All dilution series that were initiated from samples collected
at Loihi yielded positive results for putative lithotrophic Feoxidizing bacteria (Table 1). At the Ikaika vents lower jets site
(393, 5-8) and the Pohaku vents site (396, 7-8), growth was
detected in 10⫺7 dilution tubes, which was the end dilution for
these series. The least abundant growth was represented by the
10⫺4 dilution at the Ikaika vents marker 20 site (393, 1-4).
Gradient dilution tubes inoculated onboard ship within a few
hours after sampling from another Pohaku vents sample (396,
7-8) yielded growth in 10⫺6 dilutions compared to growth in
10⫺7 dilutions in the liquid series. In general, we found that
dilutions done in liquid medium tended to yield higher recoveries of Fe oxidizers than dilution series done in gradient
tubes.
Several dilution series were also attempted at temperatures
of 60 and 80°C. At 80°C there was no evidence for microbial
growth, and at 60°C evidence for sustained growth by microbial
iron oxidation was ambiguous. No pure cultures of thermophilic, microaerobic Fe oxidizers have been obtained. At the

FIG. 3. L. ochracea-like sheaths collected at the Pohaku vents near
marker 27. The sample has been stained with Syto. Panel B is the same
image as in panel A but viewed by epifluorescence to reveal a filament
of cells inside the iron-encrusted sheath. The cells are only visible when
stained; most of the sheaths are empty. Bar, 5 m.

other temperature extreme, a dilution series incubated under
psychrotrophic conditions at 12°C exhibited growth at the 10⫺4
dilution.
Morphological studies. As mentioned above, light microscopy indicated that the distinctive morphological remains of
Fe-oxidizing bacteria were present at all sites. Due to their
abundance, it became apparent that it should be possible to
type and quantify the oxides based on morphology. For this
purpose, the oxides were grouped into three types: particulate
oxides, sheathlike oxides, and filamentous oxides. Examples of
each type are shown in Fig. 4. Particulate oxides were amorphous with no defining shape. The sheath-associated oxides
were those formed by L. ochracea-like microbes and are hollow
straight tubes of HFO that are 1 to 2 m in diameter. The
filamentous oxides were classified as thin (ⱕ1 m in diameter)
solid filaments of iron oxides that were either twisted or
curved. These appeared to be like the oxides formed by strain
PV-1 that was isolated previously from Loihi (see below). The
results of this morphological analysis are shown in Fig. 5. Of
the three oxide types, amorphous oxides were the most common and were observed at all sites. At the Ikaika vents upper
jets site (397, 5), they comprised over 90% of the oxides
present. This sample was collected right in the vent orifice and
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FIG. 2. Loihi hydrothermal vent site. A temperature probe is being
inserted into the vent orifice; note the extensive deposits of Fe oxides
surrounding the vent opening.

VOL. 68, 2002

had a high flow rate (⬎1 m · s⫺1). The filamentous oxides
comprised ⬎25% of the oxide morphotypes at five of the sites
and were the dominant morphotype in the Naha vents (396,
2-4) and the Ikaika vents marker 20 (393, 1-4) site samples
which were both characterized by slow flow rates. Sheaths
comprised 25 and 33% of the oxide morphologies at sites at the
Ikaika vents upper jets site (398, 5-6) at 113°C and at the
Pohaku vents (396, 6), respectively, while at the other sites they
were either not present or represented ⬍10% of the total Fe
particulates.
Filament formation by PV-1. The strain PV-1 was isolated
from a sample collected in 1996 at Loihi from a low-temperature vent field near the Naha vents site on the south rift of
Loihi. Details of the isolation of this strain and its characterization will be described elsewhere. A unique characteristic of
PV-1 is that it forms a filamentous oxide structure as it grows.
Based on evidence from light microscopy, it appears that the
cells grow at the termini of the filaments; the filaments are
probably the primary locations for Fe oxidation (Fig. 6). When
the HFOs associated with the filaments are reduced with hydroxylamine, a fine matrix remains; presumably this is organic
material (results not shown). This mode of growth is analogous
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to that of G. ferruginea, whose cells grow at the apical ends of
a twisted stalk composed principally of HFO (16, 17). Under
the growth conditions that we have tried, strain PV-1 has never
formed the regular, ribbonlike helical stalks formed by Gallionella. What is notable is that the filaments formed by strain
PV-1 do bear a striking resemblance to the filaments commonly found at Loihi (compare Fig. 6 with Fig. 4B).
Isolation of strain JV-1. This strain was enriched from a
10⫺7 liquid dilution tube from the Ikaika vents lower jets site
(393, 5-8). This enrichment was subjected to two sequential
dilution series to extinction that resulted in a morphologically
homogeneous culture that did not grow heterotrophically. A
growth curve in liquid medium indicated that JV-1 required
Fe(II) for growth and had a doubling time of approximately
24 h under the growth conditions used (Fig. 7). This strain did
not form a well-defined filamentous oxide as was the case for
strain PV-1 (data not shown). The only substrate that JV-1
grew on was Fe(II); it did not grow on thiosulfate, tetrathionate, formate, acetate, pyruvate, succinate, glucose, galactose,
or yeast extract. A more extensive description of this organism
will be published elsewhere.
Molecular analysis. A community analysis by T-RFLP of
samples collected from Loihi during the 1998 sampling trip
(Fig. 8F), a posteruption sampling trip in 1996 (Fig. 8E), and
preeruptive sampling trips (Fig. 8D and C) indicated that there
were microbial communities of various complexities present at
different vent sites. An analysis of the two pure cultures JV-1
and PV-1 (Fig. 8A and B) showed a single peak of 332 bp, as
expected for the axenic cultures. This 332-bp peak was present
in all of the community samples as well, actually being most
dominant in the preeruption samples. Without knowing the
exact sequence of the 332-bp fragments from the environmental samples, the linkage between these samples and the pure
cultures remains circumstantial; however, combined with other
evidence, it strongly suggests that JV-l-like Fe oxidizers have
been, and remain, common inhabitants of the Loihi site.
DISCUSSION
Our results indicate that Fe-oxidizing bacteria are both ubiquitous and abundant at the Loihi Seamount. The results confirm that L. ochracea-like organisms remain a common inhabitant of Loihi and have colonized vents in the pit crater
following the 1996 eruption. It is also apparent that other
morphological types of Fe-oxidizing bacteria are important
members of the microbial community at Loihi. Most significant
in this regard was the isolation of strain PV-1 and the discovery
of the unique filamentous form of the Fe oxides that it produced. The subsequent findings that this morphotype was
present at most of the Loihi vents and that it is dominant at
several of them suggest that this organism, or ones like it, plays
an important role in iron deposition at Loihi.
Impact of Fe oxidizers at Loihi. In general, bacterial morphology is not considered a reliable indicator of microbial
community dynamics; however, correlating microbial activity
with the formation of unique HFO morphotypes is compelling.
The most plausible explanation is that these morphotypes are
directly the result of microbial activity, since there is no evidence that oxide structures like sheaths or filaments can form
abiologically under the chemical conditions at Loihi (12). It
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FIG. 4. Montage of the three primary morphotypes of oxides found
at the different vent sites at Loihi, see the text for details. (A) Sheaths;
(B) filaments; (C) amorphous particulate oxides. Bars, 5 m.
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should also be stressed that the amorphous particulate oxides
that are the most abundant morphotype found at Loihi (Fig. 4)
may also be the result of microbial activity. The strain JV-1
described here formed an amorphous iron oxide indistinguishable by light microscopy from amorphous oxides formed by
other iron oxidizers isolated from freshwater habitats (7, 10,
34). If it is assumed that the densities of the different oxide
morphotypes are nearly the same, then we can conservatively
estimate that up to 60% of the iron oxide deposition (the
combination of sheaths and filaments) at a number of the Loihi
vents is directly attributable to microbial activity. This omits
any contribution from the particulate oxides. This value falls in
the range of 50 to 80% of the iron-oxidizing activity accounted
for by microbes in a freshwater microcosm experiment (8)
where the laboratory microcosms had mixed populations of
sheathed and nonfilamentous iron oxidizers. Sobolev and Roden reported recently that a pure culture of an Fe-oxidizing
bacterium accounted for up to 90% of the Fe oxidation (34).
Another recent report demonstrated that neutrophilic Fe oxidizers growing in a cave substantially accelerated the rate of
Fe oxidation (25). However, there is one further caveat, as it is
also important to distinguish between the amount of Fe oxidation that may be catalyzed directly by the microbes, putatively for energy-yielding lithotrophic growth, versus the proportion that may result from indirect auto-oxidation on the
preformed HFOs. It has been shown that the microbially
formed oxides remain good catalysts for continued Fe oxidation after the microbes that formed them are gone (17). Thus,

it is reasonable to conclude that microbial activity is responsible for the bulk of the HFO precipitation at Loihi, although the
percentage of the Fe oxidation that could potentially support
lithotrophic growth remains to be determined.
Biology of pure cultures. The isolation of the strains PV-1
and JV-1 add to our understanding of this novel group of
neutrophilic Fe-oxidizing bacteria. While the PV-1 morphotype is reminiscent of the helical stalks formed by Gallionella
spp., we have never witnessed it forming a true ribbonlike helix
even in young cultures. Phylogenetically, based on SSU rDNA,
neither JV-1 nor PV-1 has a high degree of similarity with G.
ferruginea; instead, they cluster with other neutrophilic Fe oxidizers like ES-1 and ES-2 (10; D. Emerson and C. L. Moyer,
unpublished results). The JV-1 strain was isolated from a 10⫺7
dilution culture tube and, as such, probably represents a dominant, nonfilamentous type of Fe oxidizer at Loihi. Our noncultivation-based T-RFLP method also provides strong circumstantial evidence that this group of Fe oxidizers is present
at Loihi and that by cultivating PV-1 and JV-1 we have isolated
some of the dominant members of the Fe-oxidizing community.
Based on substrate tests, both JV-1 and PV-1 appear to be
obligate Fe oxidizers, unable to obtain energy from organic C
sources, which is consistent with the findings for other Feoxidizing bacteria (10, 34). They are adapted to growing in
seawater, as neither strain will grow in freshwater medium.
Both strains are mesophiles, growing optimally between 25 and
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FIG. 5. Percentages of different oxide morphotypes associated with different sites at Loihi, see the text for details.
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30°C. Thus far, we have been unsuccessful in isolating a thermophilic, microaerophilic Fe-oxidizing bacterium from Loihi
or from other hydrothermal vent sites. At the other end of the
temperature spectrum, we have been successful in enriching Fe

FIG. 7. Growth curve of strain JV-1. This strain, isolated from the
lower jet vents, was grown on liquid MWMM/ASW medium amended
with Fe(II) and air on a daily basis, as described in the text. Aliquots
were removed daily for cell enumeration by direct counting.
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FIG. 8. T-RFLP profile of isolates JV-1 and PV-1 along with four
hydrothermal vent bacterial communities sampled from Loihi Seamount with the Pisces V submersible. Terminal fragments were generated from SSU rDNA amplicons digested with HhaI. (A) Isolate
JV-1; (B) isolate PV-1; (C) Pit of Death site, dive 244, September
1993; (D) Pele’s vents “Boulder Patch” site, dive 247, September 1993;
(E) Lohiau vents site, dive 311, October 1996; (F) Ikaika vents lower
jets site, dive 393, October 1998. Terminal fragments of 332 bp are
congruous with the JV-1–PV-1 phylotype and are prevalent in all of the
environmental samples, suggesting that the presence of this Fe-oxidizing phylotype is common throughout this hydrothermal system.

oxidizers that grow at 12 but not at 20°C. At Loihi, as at other
vent sites where extensive Fe precipitates have been found,
low-temperature vents (10 to 15°C) are common. These psychrotrophic organisms would be well adapted for growing at
these cold temperatures.
Fe oxidation at other hydrothermal systems. Our results are
consistent with a number of reports from geologists and geochemists who have reported Fe oxyhydroxides of biological
origin associated with hydrothermal venting systems. Furthermore, the results presented here strengthen the biological context for the formation of these oxides. Specific examples include the finding of abundant tubelike microbial filaments with
a very high Fe content (up to 42% by weight) in the Coriolis
troughs in the southwestern Pacific (19). Abundant evidence of
Fe mats dominated by putative Fe-oxidizing bacteria have
been found in investigations of the Franklin Seamount in the
Woodlark Basin and the MacDonald Seamount located off the
coast of New Guinea (3, 33, 35).
The Red Seamount located near 21°N on the East Pacific
Rise is reported to have extensive deposits of Fe oxides, which
range from hardened crusts to fluffy, orange HFOs (2). These
oxide deposits are associated with lower temperature venting
sites that are only a few degrees above ambient seawater.
Scanning electron micrographs revealed that this material had
filamentous morphologies similar to the material at Loihi; Fe
oxyhydroxide-encrusted sheaths also appeared to be present.
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FIG. 6. Strain PV-1 and filament formation. This pure culture was
grown in liquid MWMM/ASW medium. This image is a composite of
a phase-contrast image and an epifluorescence image. The preparation
was stained with Syto to reveal the cells, denoted with arrows, that are
attached to the Fe oxides. Note that the cells appear to grow at the
termini of the filaments. Compare the morphology of these bacterially
formed filaments to that of the filaments observed directly from the
Loihi site (Fig. 4B).
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Juniper and collaborators have reported finding filamentous
and sheathlike structures at a number of hydrothermal vent
sites, both in the Pacific Ocean and along the mid-Atlantic
Ridge. At one site they investigated on the Explorer Ridge in
the Northeastern Pacific, they found evidence for an abundance of sheaths and filamentous oxide-type structures (20–
22).
We have also observed a thin gelatinous coating of Fe oxides
on volcanic rocks associated with venting activity at the East
Pacific Rise crustal spreading center at 21°N. This site was
typical of a sulfur-dominated venting system with black smokers, macrofaunal communities of tube worms and clams, and
massive pyritic deposits. At 21°N, the gelatinous HFOs appeared to be only a few millimeters thick and beneath them
was a hard crust of Fe oxides. These amorphous overlying
oxides were difficult to collect since they rapidly dispersed as
soon as the mechanical arm of the submarine touched them.
Nevertheless it was possible to collect small amounts of this
material, and non-filament-forming Fe-oxidizing lithotrophs
were enriched from these samples. Microscopically, these oxides consisted of amorphous particulate material and sheaths
and filaments were not observed (D. Emerson, unpublished
results)
Very recently, high-temperature hydrothermal venting sites
were discovered at a crustal spreading center in the Indian
Ocean. At the Edmond vent field, which had a variety of vents
ranging from diffuse vents to black smokers, iron concentrations of 14 mmol·kg⫺1 were measured, and it was reported that
centimeter-thick mats of HFO were present near the vents
(38). In total, these results indicate that microbial Fe oxidation
at hydrothermal vents may be under appreciated for the common process that it probably is.
Microfossil evidence. In addition to reports of Fe-oxidizinglike morphologies associated with extant hydrothermal vent
sites, a number of recent reports have shown that microfossil
remains of putative Fe-oxidizing bacteria have been found at
ancient hydrothermal vent sites as well as other ancient environments where Fe-rich minerals have accreted and form part
of the fossil record (6, 20, 26, 32, 37). Hofmann and Farmer
carried out a systematic search of museum mineral collections,
supplemented with their own field work, and found evidence
for potential biogenic fossilized filaments at over 140 sites (18).
They referred to these as fabrics consisting of tubular filamentous structures with core diameters of 1 to 2 m. Geochemical
evidence indicated that these structures formed at temperatures of ⬍100°C and that they were comprised of a variety of
iron minerals, with goethite and hematite being the most common. These mineral assemblages were most often associated
with either volcanism or oxidized ore bodies. Microscopically,
some of these structures bear striking resemblance to extant
Gallionella spp. stalks, although most appear more tubular and
while not identical to extant L. ochracea-type sheaths or PV1-like filaments, there is more than a rudimentary similarity. In
all cases, the authors of these reports suggest that a biogenic
origin is the most likely explanation for these fossilized minerals. The striking similarities with modern day Fe-oxidizing
organisms, such as those found at Loihi, suggest a modern day
analog for these ancient structures.
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